INTRODUCTION
Molecular properties at solid-liquid interfaces are of particular importance in chemistry and physics, for instance, concerning heterogeneous reaction dynamics or electrochemistry. [1] [2] [3] [4] [5] [6] [7] This holds for solvent molecules in the direct vicinity of the solid-liquid interface as well as for molecules which are chemically or physically adsorbed on the solid side. It is highly desirable to gain spectroscopic insight into interfacial systems such as heterogeneous catalytically active surfaces, 2,3,5 dyesensitized solar cells, 8, 9 or self-assembled monolayers 10, 11 (MLs). Particularly, MLs of organic molecules and metalcomplexes play a key role in several branches of industrial and scientific research. Such systems find a broad range of applications, for instance, in organic electronics, 12 molecular sensing, 13 or in biophysics 14 and medicinal applications. 15 Their usefulness as well as their relatively simple preparation has promoted organic MLs to central building blocks in interfacial science and technology.
Regarding spectroscopic investigations of MLs at interfaces, central points of interest are represented by details of binding configurations or influences of the environmental interactions on molecular properties as compared to the case of isolated molecules in bulk solution. [16] [17] [18] [19] This is because the structure of molecules in MLs is often influenced by intermolecular interactions within the densely packed aggregate. 20, 21 In addition, solvent molecules directly at the interface are likely to exhibit differences in their properties such as hydrogen-bonding networks and dipolar orientation as compared to the bulk solvent. 4, 22, 23 In this context, ultrafast infrared (IR) spectroscopy in its various forms has been proven to a) Author to whom correspondence should be addressed. Electronic mail:
peter.hamm@chem.uzh.ch; Telephone: +41 44 63 544 31; Fax: +41 44 63 568 38. be a useful tool to unravel changes in molecular structure and dynamics, which occur down to the femtosecond time scale. [16] [17] [18] [19] In particular, multi-dimensional techniques 17, [24] [25] [26] [27] have been developed in recent years as powerful methods to tackle the issues mentioned above. These techniques are sensitive to, e.g., structural heterogeneity and flexibility, energy transfer, or intermolecular interactions, signatures of which are challenging to extract unambiguously from conventional (1D) vibrational spectra. 28, 29 We recently developed a new method to acquire twodimensional (2D) IR spectra from molecules at interfaces by means of ultrafast attenuated total reflectance (ATR) IR spectroscopy. 25 The 2D ATR IR method is a straight-forward to implement technique, which exploits the evanescent electric field that occurs under total reflectance conditions 30, 31 if light impinges on an interface that is composed of materials with different refractive indices (n 1/2 , Fig. 1 ). The evanescent field can excite and subsequently interrogate molecular dynamics within the penetration depth of the light into the material of lower refractive index (n 2 < n 1 ). The penetration depth is on the order of the optical wavelength of the employed light wave. 2 The experiment is analogous to ordinary 2D spectroscopy in pump-probe 32, 33 geometry. The overall 2D ATR IR signal therefore depends on the third-order nonlinear susceptibility and can be directly compared to results from, e.g., transmission 2D IR spectroscopy. In this sense, 2D ATR IR spectroscopy can be regarded as a surface-sensitive technique since the maximum intensity for excitation and probing is available directly at the interface. The method is, however, not surfacespecific since all molecules within the penetration depth can absorb energy from the evanescent field and therefore can contribute to the nonlinear signal. This makes the 2D ATR IR technique different from alternative methods such as ultrafast 2D vibrational sum-frequency generation (SFG) 26, 27, 34 spectroscopy which is truly surface-specific, since in this case, FIG. 1. Experimental configuration of 2D ATR IR spectroscopy in pumpprobe geometry. Two collinear, coherent, femtosecond pump (pu/pu ′ ) and a probe pulse (pr) excite and interrogate the dynamics of organic MLs by evanescent fields within the penetration depth in the medium of lower refractive index (n 2 < n 1 ). The MLs are equipped with a local vibrational probe, i.e., the asymmetric stretch vibration of the azide group (N 3 ). The polarization is indicated for the probe pulse. the even order nonlinear process requires a breakdown of inversion-symmetry, which occurs at the interface.
In this paper, we present 2D ATR IR spectroscopy of the ultrafast dynamics of organic MLs on thin metallic surfaces. We investigate the dynamics of MLs from linear alkyl-thiols of different chain lengths, which are attached to a gold-coated ATR prism. Within the MLs, we use the asymmetric stretch vibration of a terminal azide functional group as a local probe of the interactions of the MLs to their environment ( Fig. 1 ). We find that immobilization of the molecules in the MLs decelerates spectral diffusion dynamics of the azide group, as compared to typical values in bulk solution. In addition, an increase in chain length between the azide probe and the metal surface results in a reduced correlation between pumpand probe frequencies in the MLs for all investigated waiting times. Moreover, environmental influences on the vibrational dynamics are investigated by measurements of bare MLs versus MLs immersed in solvent of different polarities as well as hydrogen-bonding capabilities and different properties of the metal layers. It is found that the dominant contribution to spectral diffusion within the MLs stems from intra-and intermolecular conformational dynamics. Finally, it is shown by an isotope dilution experiment that no couplings among the azide groups of the ML molecules exist. The presented results show that 2D ATR IR spectroscopy is a powerful method to investigate the ultrafast vibrational dynamics of molecules at interfaces.
MATERIALS AND METHODS

Laser setup
The concept of the ultrafast 2D ATR IR experiment has been introduced previously. 25 In brief, a chirped-pulse amplifier system (Spectra Physics, Spitfire), which delivers ≈90 fs pulses centered at 800 nm, is operated at 5 kHz to pump a two-stage optical parametric amplifier (OPA). 35 The OPA delivers ≈90-100 fs pulses with a bandwidth (full-width at half maximum (FWHM)) of ≈250 cm −1 and a total of ≈1.3 µJ per pulse at typical central frequencies around 2100 cm −1 . The OPA output is split into pump (≈90%) and probe/reference beams (each ≈5%) with a BaF 2 wedge, the former of which is used to generate coherent, collinear pump pulse pairs in a Mach-Zehnder interferometer for two-dimensional spectroscopy in pump-probe configuration. 32 The final maximum pump pulse energy exiting the interferometer is ≈800 nJ per pulse. Pump and probe/reference beams are focused in a homebuilt, single reflection ATR sample cell onto the backside of a commercial CaF 2 prism (10 × 10 mm, Thorlabs). CaF 2 is used as an ATR crystal, since the more common materials, such as ZnSe or Si, show a nonlinear response due to multiphoton absorption of the intense IR pulses. The entrance angle of all three beams with respect to the normal of the reflecting plane of the CaF 2 prism is large (85 • ) due to the small index of refraction of CaF 2 . Pump, probe, and reference beams (the latter not shown in Fig. 1 ) have mutual angles of ≈5 • -7 • . All three beams lie in a common plane and exhibit p-polarization with respect to the reflecting CaF 2 surface. Probe and reference beams are detected by a 2 × 32 pixel MCT array detector (Infrared Associates) equipped with a grating spectrograph (Jobin-Yvon Triax, 150 lines/mm) to give a balanced signal.
Sample preparation
CaF 2 prisms were sputter-coated with gold (Au) in a Baltec SCD 500 sputter coater at the Center for Microscopy and Image Analysis (University of Zürich). Prior to sputtering, the prisms were carefully cleaned with ethanol and doubly deionized water. Typically, the base pressure for the sputtering process was set to 8 × 10 −5 millibars of argon, and the sputter process was conducted at 0.1 millibars. The average thickness of the metal layers on the prisms was determined with a quartzmicrobalance. The applied current for the sputtering process was generally 6-8 mA, which resulted in a sputtering rate of 0.02 nm s −1 at a working distance of 50 mm.
2-azidoethanthiol (2-N3) and 11-azidoundecanethiol (11-N3) samples ( Figure 1 ) were synthesized following standard procedures using commercially available starting materials (reagent grade, Sigma-Aldrich). 36, 37 For the isotope substituted sample, the same procedure could be used, using triply isotopelabeled Na 15 N 3 − as starting material instead. For the formation of the MLs, sample solutions in spectroscopic grade ethanol (Sigma Aldrich or Carl Roth) were diluted to a concentration of 1 mM. Au-coated CaF 2 prisms were incubated in independent, tightly closed beakers of thoroughly cleaned glassware for 10 h. The kinetics of the ML formation were independently monitored by the use of temporal evolution of the IR absorption at ≈2100 cm −1 in a Fourier transform (FT)-IR spectrometer. Adsorption was complete after ≈10-12 h of incubation. Formation of MLs on Au surfaces was verified on independent samples by UV-light induced desorption experiments (wavelength 370 nm), which break the Au-S bond. Following the incubation, the Au-coated prisms were thoroughly washed with ethanol and subsequently with doubly deionized water followed by a drying procedure in a stream on nitrogen. The freshly prepared ML samples generated in this way were stable both in air as well as immersed in several solvents (diethylether (DEE), acetonitrile (MeCN), or methanol (MeOH)), and sta-tionary absorption characteristics were found to be unaltered by flowing extensive amounts of solvent above the ML coated prism in a home-built sample flow cell. The ultrafast experiments also did not result in any change of the stationary absorption spectra of the samples.
RESULTS
From absorption measurements in transmission of 11-N3 and 2-N3 in bulk solution, we know that the extinction coefficient of the asymmetric stretch vibration of the azide group is 550-600 M −1 cm −1 ; that is, it is only a medium-strong infrared absorber. Fig. 2 shows linear ATR spectra of 2-N3 and 11-N3 as MLs on 1 nm Au coated CaF 2 prisms incubated in various solvents (MeCN, MeOH, and DEE) as well as bare ML without any solvent, in-situ measured in the ultrafast 2D spectrometer by the MCT detector. In the bare ML case, the MLs were carefully dried from solvent and kept in a continuous stream of nitrogen during the measurements. The spectra have been obtained by consecutive acquisition of background spectra and sample spectra from reflections of the ATR crystal. For the background spectra, independently co-sputtered CaF 2 prisms have been used and incubated with the same solvent. Calculation of − log(I smp /I ref ) yields the corresponding absorption spectrum. It is guaranteed by the preparation method of the MLs as well as from the performed control experiments (see section on Materials and Methods) that the absorption exclusively stems from immobilized molecules on the surface and not from any contributions from the bulk solution. Fig. 2 shows that the spectra hardly depend on the environment, i.e., whether they are incubated in a solvent or on the nature of the solvent, indicating a rather low degree of interaction between solvent molecules and the azide vibrational probe. Taking MeCN as an example, the spectra exhibit a single band at ≈2105 cm −1 (2-N3) or 2095 cm −1 (11-N3), which is due to the asymmetric stretch vibration of the azide functional group attached at the end of the alkyl chains. Values of FWHM are determined to ≈32 cm −1 (2-N3) and 30 cm −1 (11-N3), respectively, in agreement with typical spectra of similar molecules containing azide groups attached to alkyl chains in organic molecules both in bulk solution [38] [39] [40] and immobilized on a surface. 36, 37, 41 Also in terms of the peak size, the data presented here agree with previously reported values for different ML sample systems. 36, [42] [43] [44] Note that the peak absorbance of ML samples at metal surfaces is likely to be influenced by local field surface-enhancement effects, 42, [45] [46] [47] which will contribute to the 2D ATR IR spectroscopy as well, an effect that is currently under investigation and will be published as a separate account.
Absorptive 2D ATR IR spectra of solvent-incubated 2-N3 MLs adsorbed on a 1 nm Au film are presented in Figs (5 ps) exhibit similar GSB/SE and ESA features, again strongly elongated along the diagonal. This is independent of immersion of the ML with a solvent.
The center line slope (CLS) of, e.g., the GSB/SE signal (represented as a white line in Fig. 3 ) can be used to quantify the amount of diagonal elongation of the peak. 48 Similar values for the CLS are observed at 0.15 ps (slopes of ≈0.8, Figs. 3(a) and 3(c)) for both the solvent-incubated and bare MLs, whereas slight differences exist at a later stage at 5 ps (≈0.62, Fig. 3 Fig. 3(d) ). However, only a minor temporal evolution of the CLSs occurs in both cases.
In order to elucidate the impact of varying distances between the azide probe and the Au surface, Fig. 4 shows the same set of experiments for 11-N3 with a longer alkyl chain under otherwise identical conditions. Vibrational relaxation is faster for 11-N3 (0.9 ± 0.1 ps and 1.1 ± 0.1 ps for solvent-incubated MLs and bare MLs, respectively), limiting the maximum observation window to 5 ps in this case. With respect to the diagonal elongation of the signals, the trend is the same as for 2-N3, but with overall speaking significantly smaller CLSs.
A detailed analysis of the evolution of the CLSs as a function of population times is shown in Fig. 5 , which reveals the underlying dynamics of spectral diffusion. 48 Taking MLs of 2-N3 in MeCN as an example (black circles, Fig. 5 ), the CLSs start at values of ≈0.8 and evolve to a value of about 0.55 within 10 ps. The observed temporal evolution suggests an exponential decay of the CLS, but we cannot observe full convergence of the CLS' decay due to the limited observation window. We fitted the experimental data with a model consisting of a single exponential function and a constant offset (CLS(T) = ∆ 1 exp(−T/τ SD ) + ∆ 2 ). However, due to the limited time window, we cannot decide whether the offset ∆ 2 is truly static due to a heterogeneity of the surface, for example, or whether it is related to additional dynamic processes on time scales slower than our observation window. Furthermore, one needs to keep in mind that the errors in the fit parameters are strongly correlated. For 2-N3 in MeCN, the best fit reveals a time constant of 7 ± 2 ps together with an offset of ∆ 2 ≈ 0.44, but if one were to force the fit to decay to zero (i.e., ∆ 2 = 0), the time constant would be lengthened to τ SD ≈ 25 ps with only modestly increased root-mean-square-deviation (rmsd) of the fit (+20%).
Similar dynamics for spectral diffusion of the 2-N3 MLs are observed in different solvation environments (Fig. 5 ). For the total set of solvents, acetonitrile (MeCN) and methanol (MeOH) have been chosen because of their similar polarity but different hydrogen-bonding capability. In addition, ML immersed in DEE as an apolar, non-hydrogen-bonding solvent as well as bare MLs (magenta) has been investigated. In case of the 2-N3 MLs, all curves start at a CLS of ≈0.8 but decay to slightly different values within ≈10 ps, i.e., somewhat lower for stronger interacting solvent environments (MeCN and MeOH versus DDE and bare). That is, ∆ 2 values (offsets) increase with lower polarity of the environment while ∆ 1 (dynamic amplitude) values decrease by about the same amount (Table I) . The time constants (τ SD ) extracted from the fits are all about the same within the experimental uncertainty (6-8 ps, Table I ).
Also in case of the 11-N3 MLs, all curves are very similar to each other. The initial values of the CLSs (between 0.5 and 0.6) are lower than for 2-N3, irrespective of the chemical environment. The decay time constants (τ SD ) are faster than for 2-N3 MLs and show no clear differences for the chosen solvents (Table II ). In addition, also the offsets from the fits are all in the same range (∆ 2 ≈ 0.15-0.22). Thus, the spectral diffusion dynamics are largely independent of the environment (even in the absence of a solvent).
In order to elucidate influences of the Au layers on the dynamics of the MLs, spectral diffusion was monitored in dependence of the average sputtered thickness of the supporting metal layer as well. Figure 6 shows CLS curves for 2-N3 immobilized on Au surfaces of different average thicknesses ranging from 0.1 nm to 1.5 nm. The surfaces were prepared by otherwise analogous preparation procedures, and the ML samples were all incubated with MeCN as a solvent. All curves start at ≈0.8 and decay to values around 0.6 within 10 ps. Application of exponential fits to the data reveals time constants between 5.5 ± 1.0 ps (0.1 nm) and 7.4 ± 2.8 ps (1.5 nm) together with offsets which range between 0.45 and 0.55. Taking into account the corresponding confidence intervals for the fits, these values can be considered as similar. It is therefore concluded that spectral diffusion is influenced by the thickness of the metal layer only to a minor extent.
A possible source of spectral diffusion is Förster-like vibrational energy transfer between different molecules. 16, [49] [50] [51] [52] [53] In this case, one molecule is initially excited but subsequently transfers its excitation energy to another oscillator that may have a different transition frequency. Such a mechanism may be particularly relevant in ML samples, where the vibrational probes are fairly close to each other. The cleanest test whether such a mechanism contributes to spectral diffusion is an isotope dilution experiment. [51] [52] [53] This is reasoned by the fact that the Förster-type mechanism is a resonant effect with a strong (r −6 ) distance dependence. Hence, upon isotope dilution, the spectral diffusion rate should decrease significantly as the absorption frequencies are shifted out of resonance. At the FIG. 6. CLSs of 2-N3 MLs incubated with MeCN in dependence of the sputtered average thickness of the Au layer. Open symbols are experimental data and solid lines represent exponential fits to the data as described in the text. same time, isotope dilution does not at all affect the local structure of the ML sample.
We recorded 2D ATR IR data of mixed monolayers (MMLs) containing all 14 N azide groups (11-N3) as well as fully isotope-labelled all 15 N azide probes (11-N3*) immersed in MeCN, see Fig. 7 . The concentrations had a ratio of ∼1:2.4 in favor of the 11-N3* sample. The 2D spectra show two sets of diagonal GSB/ESA features at 2095 cm −1 (11-N3) and 2027 cm −1 (11-N3*). We note that the absence of any cross peak between the two resonances at all waiting times excludes intermolecular coupling as well as non-resonant energy transfer between the functional groups in the MMLs. A closer look at the lineshapes of the two resonances again reveals an inhomogeneous broadening. Fig. 8 shows the corresponding CLSs as a function of waiting time for 11-N3 (open black circles) and 11-N3* (solid black circles) together with exponential fits (red lines) as described above. Both curves start at values around 0.55 and decay to values around 0.3. The obtained time constants are also very similar for both peaks and exhibit values of 4.5 ± 0.2 ps (11-N3) and 4.9 ± 0.2 ps (11-N3*), respectively. A further comparison with the results obtained above for the pure ML 11-N3 samples (open triangles, 4.4 ± 0.4 ps) indicates that the reduction of the surface concentration of the azide probes has no effect on the spectral diffusion. Thus, it can be concluded that Förster-type vibrational energy transfer does not contribute to spectral diffusion in the MMLs.
DISCUSSION
The results presented above demonstrate that 2D ATR IR spectroscopy allows one to resolve ultrafast vibrational dynamics of organic MLs on thin metallic films. The temporal evolution of 2D IR spectra of two organic azides (2-N3 and 11-N3) has been investigated, for which the vibrational probe exhibits varying distances from the surface. The major observable from the 2D ATR IR spectra is the CLS of the GSB/SE signal. The CLS is a measure of correlation between the pump-and probe frequencies and can be used to characterize contributions to spectral line broadening. 28 Large initial CLS values indicate a high degree of correlation between the pumped and the probed frequencies in the 2D spectrum, and hence, a large degree of instantaneous, or initial, inhomogeneity. In this case, the entire absorption band is composed of a distribution of individual bands, each of which belonging to a set of molecules in different environments. However, different mechanisms affect the instantaneous vibrational frequency of a molecule, some of which may be static while others exhibit a temporal evolution. The temporally evolving part of the CLS (∆ 1 ) reflects processes, which lead to the loss of memory of the initial frequency, i.e., a decrease of the time-dependent inhomogeneity. Contributions can, for instance, originate from structural flexibility of the sample molecule and its environment. Additional features can stem from rotational dynamics, evolutions of the solvation shell, or changes in mutual interactions, e.g., breaking and formation of hydrogen bonds as well as excitation energy transfer between different subsets of oscillators. On the other hand, the offset (∆ 2 ) reflects contributions that do not evolve on the accessible time window of the 2D IR experiment, i.e., during vibrational relaxation. Such features can be reflected, for instance, by very slowly evolving molecular conformations or molecules in static environments such as the surface morphology.
The main results of the CLS analysis presented here are that (i) the origin of spectral diffusion is the structural flexibility within the ML, and not a Förster-like energy transfer between ML molecules, (ii) the solvation environment affects the dynamics only marginally, but that (iii) the different chain lengths cause significantly different levels of time-dependent inhomogeneities. In the following, we will discuss the origins of the specific differences in the spectral diffusion dynamics.
Environmental influence on spectral diffusion
First, we concentrate on the dynamic feature of the CLS' decays (∆ 1 and τ SD ). Different previous works explored the applicability of azide probes as reporters for ultrafast molecular dynamics. 38, [54] [55] [56] [57] In these studies, spectral diffusion of azide groups covalently attached to different alkyl backbones in bulk solution and different polar and apolar environments generally occurred with rather short time constants in a range of ≈0.5-2 ps. 38, 54, 55, 57 This indicates a generally rapid loss of correlation for the azide vibrational probe. Comparing these values to the ML samples reported here, the spectral diffusion times are slower by at least a factor of 2-3 (Tables I and II ). This indicates that either structural dynamics of the sample molecules (e.g., internal rotation of methylene groups in the alkyl chain as well as rotation of the azide group) or environmental influences (e.g., hydrogen-bonding or solvation) are affected by the immobilization process.
The different contributions to spectral diffusion can be disentangled by considering the influence of the solvent. For both ML samples, there is only little variation in the spectral diffusion dynamics with solvent properties. That is, neither a variation of the hydrogen-bonding capability of the solvent (MeCN vs. MeOH) nor its polarity (e.g., MeCN vs. DEE) results in a strong change of the time constants for both the 11-N3 (≈4 ps) and the 2-N3 MLs (≈7 ps, see Fig. 5 and Tables I  and II ). Therefore, the decelerated spectral diffusion for the ML samples, as compared to bulk solution, must originate mostly from variations in intramolecular dynamics and intermolecular interaction among the sample molecules within the MLs.
Chain-length-dependence
When comparing 11-N3 and 2-N3, we observe significantly different starting values as well as offsets (∆ 2 ) of the spectral diffusion curves (Fig. 5 ), indicating different degrees of initial inhomogeneity, which originates from different local conformations of the azide chromophore in the MLs. The initial inhomogeneity is larger for the shorter alkyl chain in 2-N3 as compared to 11-N3. This result might be explained by packing effects of the alkyl chains of different lengths within the ML on the Au surface, which favor, e.g., trans over gauche conformations within the alkyl-chains. 58 In this context, 11-N3 may be regarded as a good candidate for well-ordered MLs on metal films, as the long alkyl chains of the molecule enable a stronger hydrophobic interaction between the co-adsorbed molecules. 20, 59 With respect to packing of the molecules in the ML samples, it is worth noting that differences exist in the offsets (∆ 2 ) from the CLS curves of bare and solvated 2-N3 samples while they do not for the 11-N3 samples (Fig. 5) . The different values observed for 2-N3 samples indicate that polarity of the solvent is a more determining factor as compared to, e.g., hydrogen-bonding capabilities. This result indicates that the solvent indeed influences the structure of the MLs to a small extend, albeit only for 2-N3. A possible origin might be that the less ordered, less hydrophobic 2-N3 MLs allow for easier penetration of polar solvent molecules in the MLs, while stronger hydrophobic interaction in 11-N3 MLs prevents this effect.
It is illustrative to compare the present results with those of a recent study, 60 which investigated the CO stretching vibrations of a metal-tricarbonyl complex that was covalently attached to alkyl chains immobilized on a silica substrate. In contrast to our observation, the initial distribution of the transition frequencies was essentially independent of chainlength in this case. One difference might be the different nature of the vibrational probe. That is, the metal-carbonyl complexes exhibit fairly bulky organic ligands (phenanthroline), in contrast to the small azide probes employed here. As a result, it may be expected that the alkyl chains exhibit different mutual interactions for the different samples. This is likely to influence packing of the ML chains on the surface and its different interaction with the solvent molecules. A second difference between the two studies is the preparation of the supporting layers for attachment of the MLs to the surface. While we use metal layers, which are prepared by sputtering, the silica layers used for the metal-carbonyl complexes were of different chemical nature, much thicker (40 nm) and prepared by chemical vapor deposition. As a result, the actual surface morphologies can be significantly different and this will influence sample heterogeneity as reflected by the CLS values.
Heterogeneity of the metal layer
The presented 2D ATR IR experiments show that spectral diffusion occurs largely independent of the average thickness of the Au metal layer (Fig. 6 ). Both the range of obtained time constants (5.5-7.5 ps) for spectral diffusion as well as the retrieved offsets (∆ 2 ≈ 0.45-0.55) can be regarded as similar. Sputtered gold surfaces of very thin average thickness (<1 nm) are expected to result in inhomogeneous surface morphologies. 61, 62 In that sense, the very minor dependence of spectral diffusion on the average metal layer thickness indicates that spectral diffusion is not influenced by the metal layers on the time scales that we are able to investigate. That conclusion provides further evidence that the differences observed between 11-N3 and 2-N3 stem from inter-and intramolecular interactions of the sample molecules themselves.
General context of spectral diffusion at interfaces
Multi-dimensional signals from monolayer-forming samples have been reported previously obtained in transmission 2D IR 17, 49, 60 or with 2D SFG 24, 27 spectroscopy. These studies demonstrated the usefulness of multi-dimensional spectroscopy regarding the resolution of intermolecular interactions, 17, 24 vibrational dephasing and relaxation, as well as spectral diffusion from samples at interfaces. 16, 19, 49 For instance, variations in spectral diffusion and vibrational relaxation dynamics have been discussed between octahedral rheniumcarbonyl photocatalysts at silica interfaces and in bulk solution, 16, 49 revealing that spectral diffusion at surfaces is slower than in bulk solution. This effect was attributed to interactions of molecules within the monolayer and variations in structural evolution. The observed lengthening of spectral diffusion time scales between bulk solvents and ML samples was determined to be more than one order of magnitude. This general trend of decelerated spectral diffusion for immobilized samples is in clear agreement with a comparatively slow spectral diffusion for azide samples as reported here. The possibly more drastic increase in time constants reported earlier might be reasoned by the specific structures of the investigated samples where the tightly bound carbonyl groups in metal complexes exhibit significant rigidity which can slow down intramolecular contributions to spectral diffusion. This is opposed to the rather flexible sample molecules investigated here, in which the linear alkyl chains as well as the azide functional group can be expected to move with less conformational restriction. This interpretation is supported by the clear observation of ultrafast spectral diffusion (4-6 ps, Tables I and II) in the bare MLs of 2-N3 and 11-N3, for which spectral diffusion is nearly one order of magnitude faster as compared to the previously measured Re-complex. 16, 49 Finally, we have shown that no vibrational energy transfer between ML molecules occurs even at the highest surface concentrations ( Figs. 7 and 8 ). Comparable investigations have been performed recently for water at water-air interfaces 51 or metal-carbonyl MLs on silica. 16, 50 In the first case, spectral diffusion is dominated by vibrational energy transfer. 51 Conversely, energy-transfer between different molecules in metal-carbonyl MLs was excluded by means of spectral diffusion measurements for chemically diluted samples, i.e., MLs containing a mixture of molecules, only a fraction of which containing the vibrational chromophore. 50 Chemical dilution experiments are thus very useful, but due to the different chemical properties of the end groups, it is challenging to retain the actual structure of the MLs. This is why the experiments presented here (Figs. 7 and 8) employed the strategy of isotopedilution of the vibrational probe at the interface which, however, arrived at the same conclusion of absent vibrational energy transfer as in earlier studies. 50
CONCLUSION
Vibrational dynamics and infrared spectra of organic molecules at metal surfaces are of significant interest. For instance, organic MLs are known to be widely applicable as building blocks for interfacial molecular recognition, nanofabrication and lithography, control of dielectric surface properties, or stabilization of metal nanoparticles. 10, 21, 63 Using metal surfaces for the immobilization of molecules furthermore allows investigation of vibrational dynamics at purposely charged interfaces as well as redox-induced chemical conversion, since even very thin metal layers (≈1 nm) exhibit conductivity to be usable as electrodes. 61 Spectroscopic techniques for detailed investigations regarding structural properties and dynamics within MLs are highly desirable but rare. 2D IR spectroscopy has matured over the past decade to a robust and reliable tool in determination of molecular properties, dynamics, chemical interaction and exchange, or energy transfer between different molecules. 28, 29 It is thus desirable to directly transfer elaborated multi-dimensional techniques to new experimental configurations which allow investigations of interfacial dynamics. 2D ATR IR spectroscopy is therefore expected to serve as a versatile tool in future to study solid-liquid and solid-gas interfaces as well as ultrafast spectro-electrochemistry.
In the present paper, we have applied 2D ATR IR spectroscopy to resolve the ultrafast dynamics of azide-containing MLs. The azide group is a common vibrational probe in static and time-resolved infrared spectroscopy for the investigation of structural dynamics and environmental interactions. 38, 40, [54] [55] [56] [57] Formation of the monolayers results in a rather slow spectral diffusion for samples with two and 11 methylene groups between the azide group and the surface. Generally, an increase in length of the alkyl chain between the surface of immobilization and the vibrational probe also results in a smaller time-dependent inhomogeneity. Impacts on spectral diffusion with respect to solvent properties such as solvent polarity and hydrogen-bonding capabilities have been furthermore investigated and reveal that the dominant contribution to spectral diffusion originates from ultrafast intraand intermolecular dynamics within the monolayers and not from intermolecular interactions with the solvation shell of the azide group. Finally, isotope-dilution experiments for the azide vibrational probe revealed the absence of resonant and non-resonant excitation energy transfer within the monolayer as well as absent coupling between the different functional groups.
Despite its wide application, the azide group exhibits, however, a shortcoming of a rather short vibrational lifetime (≈1 ps) as compared to other vibrational probes such as metalcarbonyls 16, 49 or thiocyanates. 64, 65 Such probes will extend the observation time window. Independent of that, the azide group is attractive also because of the simple routes it enables to chemically modify the resulting MLs by using straightforward "click"-chemistry. 37, 41, 49 This will allow for structural and electrostatic investigations of samples with higher complexity such as immobilized proteins 38, 66 or polymers, 67, 68 and will open up a broad range of future applications of the 2D ATR IR technique such as ultrafast spectro-electrochemistry or multi-dimensional spectroscopy at biological interfaces.
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